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Inclusivetransversemomentumdistributionsof chargedhadronswithin )+* ,.-0/213-54+* )7698�:<;�= havebeenmea-
suredover a broadrangeof centralityfor Au+Au collisionsat > ?�@2@ =130GeV. Hadronyieldsaresuppressed
at high /21 in centralcollisionsrelative to peripheralcollisionsandto a nucleon-nucleonreferencescaledfor
collisiongeometry. Peripheralcollisionsarenotsuppressedrelative to thenucleon-nucleonreference.Thesup-
pressionvariescontinuouslyat intermediatecentralities.Theresultsindicatesignificantnuclearmediumeffects
onhigh /21 hadronproductionin heavy ion collisionsathigh energy.

PACSnumbers:25.75.-q

QCD predictsa phasetransition at high energy density
from hadronicmatter to a deconfinedQuark-GluonPlasma
(QGP) [1]. This transitionmay be studiedin the laboratory
throughthe collision of heavy ions at ultrarelativistic ener-
gies. Partonspropagatingin a mediumloseenergy through
gluon bremsstrahlung[2–4], with the magnitudeof the en-
ergy losspredictedto dependstronglyon thegluondensityof
the medium. Measurementof partonicenergy losstherefore
providesa uniqueprobeof thedensityof themedium.

Analysisof deepinelasticscatteringandDrell-Yanpairpro-
duction using nucleartargets indicatesthat the energy loss
in cold nuclearmatteris ACBEDGFHACBEI GeV/fm for quarkswith
energy greaterthan 10 GeV [5, 6]. Hard scatteringof par-
tonsin nuclearcollisionsoccursearly in theevolution of the
extendedsystem,therebyprobing the phaseof highestden-
sity. Energy loss softensthe fragmentationof jets, leading
to the suppressionof high transversemomentum(high JLK )
hadronsin thefinal state[7]. ThePHENIX collaborationhas
reportedthe suppressionof chargedhadronand MN� produc-
tion at high JOK in centralAu+Au collisionsat center-of-mass
energy pernucleonpair P Q�RSR =130GeV, relativebothto ref-
erencedatafrom nucleon-nucleon(NN) collisionsandto pe-
ripheralAu+Au collisions [8]. The suppressionis in quali-
tative agreementwith predictionsof partonicenergy loss in
densematter, thoughquantitative conclusionsrequiretheun-
derstandingof othernucleareffects[8].

ThisLetterpresentsameasurementof theinclusivecharged
hadronyield TVUOWYXZUN[�\	].D within ACBED2^_JOK5^a`CB Aabdc�ef]hg , mea-
suredfor a broadrangeof centrality in Au+Au collisionsat

P Q RSR =130 GeV by the STAR collaborationat RHIC. Sup-
pressionof charged hadronproductionat high J K in cen-
tral collisions is observed, in qualitative agreementwith the
PHENIX measurement[8]. Thehighprecisionandwidekine-
maticandcentralitycoverageof the datapresentedhereper-
mit adetailedstudyof nuclearmediumeffectsonhadronpro-
ductionfrom thesoft to thehardscatteringregime.

For comparisonof spectrafrom nuclearcollisionsto anNN
reference,thenuclearmodificationfactoris definedas

ikjNj TlJ K \nm o 
qp
jNj ] o J K osrt jNjvu
o 
qwNxyx ] o JOK o+ryz

(1)

where
tNjNj

= {&|~}�� �+� / w xyx���+�(� accountsfor thecollisiongeometry,
averagedover the event centrality class. {&| }�� � � , the equiv-
alent numberof binary NN collisions, is calculatedusinga
Glaubermodel.

i jNj TlJOK�\ is lessthanunity at low JOK [9]. In
contrast,the yield for hardprocessesscalesas {'| }�� � � in the
absenceof nuclearmediumeffects(

i jNj TlJOK�\ =1), andeffects
of themediummaybemeasuredat high JLK by thedeviation
of
i jNj TlJLK�\ from unity. In additionto final stateenergy loss,i jNj TlJLK�\ maybeaffectedby initial statemultiple scattering

[7, 10] andtransverseflow, bothof whichwill enhancehadron
productionat high J K , andby shadowing of nuclearparton
distributions.At significantlylower P Q thanthepresentstudy,
enhancementof hadronproductionat high J K hasbeenob-
servedin p-nucleus[11] and ��F�� [12] collisions,aswell as
centralcollisionsof heavy nuclei [13]. Currentestimatesof
shadowing effectsat RHIC energiescontainlarge uncertain-
ties[7, 14].
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The STAR detectoris describedin [15]. Data collection
utilized� both a minimum bias trigger anda trigger selecting
the 10% most centralevents. Charged particle trackswere
detectedin the Time ProjectionChamber(TPC), with mo-
mentumdeterminedfrom their curvature in a 0.25 T mag-
netic field. After event selectioncuts, the central dataset
contained320,000events,while the minimum bias dataset
contained240,000events. The measuredminimum biasdis-
tribution,correctedfor vertex finding efficiency at low multi-
plicity, correspondsto �+���dD % of theAu+Au geometriccross
sectionw jN��jN�� ����� , assumedto be7.2barns[16].

Centralityselectionis basedon the primarychargedparti-
cle multiplicity pG��� within thepseudorapidityrange � r �l^aA�B I .The mostcentralbin is 0-5% of w jN��jN�� ���� , while the mostpe-
ripheralbin is 60-80%.Alternativecentralitymeasuresincor-
porateforwardneutralenergy [9, 17] andits correlationwith
multiplicity atmidrapidity. Themaximumvariationof the JOK
spectrumfor differentcentrality measuresis 4% for central
eventsandlessthan4%for moreperipheralevents.Thisvari-
ationis includedin thesystematicuncertaintiesof thereported
spectra.

Thehadronyield decreasesrapidly with increasingJ K and
its measurementis sensitiveto smallspatialdistortions,which
generatechargesign-dependentsystematicerrorsin themea-
suredtrack curvature. Measurementof the summedhadron
yield, TVU�WvXZUN[�\�]+D , is markedly lesssensitive to suchdistor-
tionsthantheyield of onechargesignalone.Eachhalf of the
cylindrical TPC is dividedazimuthallyinto 12 sectors.HighJOK trackshavesmallsagitta( Qk��A�B � cmat JOK =5 bdc�e�]hg ) and
areconfinedto asinglesector. For assessingsystematicerrors
dueto variationin detectorresponse,eachsectoris considered
to beanindependentdetector. Thesector-wisedistributionofTVUOWYXZUN[�\	].D hasa JOK -dependentrms variationof lessthan
5%,which is includedin thesystematicerrors.

Analysis of inclusive charged particle spectrafor J K ^~Dbdc�e�]hg hasbeendescribedpreviously [9]. Acceptedtracks
for J Kn� D�bdc�ef]hg have � r �l^aA�B I anda distanceof closestap-
proachto the primary vertex lessthan 1 cm to reject back-
ground. Acceptance,efficiency, and momentumresolution
were determinedby embeddingsimulatedtracks into real
raw data events. For JLK � 1.5 bdc�e�]hg , the Gaussiandis-
tribution of track curvature ���¡ �]�JOK has relative width¢ ��]+�Gm£ACB AC ¤` u TlJLK�]2T¥bdc�e�]hg�\�\�X¦ACB AC �D for centraleventsand¢ ��]+�Gm£ACB AC s  u T§JOK7]2T¥bdc�e�]hg�\�\SX¨ACB AC ¤© for peripheralevents.
Correctionwasmadefor distortiondue to finite momentum
resolution.Typical correctionfactorsaregivenin TableI.

Backgroundcorrectionsof significanceare due to weak
particledecaysandanti-nucleonannihilationin detectorma-
terial. Theformerarebasedon ª , «ª and ¬v� yieldsmeasured
for JLK®^¯DCB I°bdcqe±].g [18, 19], with extrapolationto higherJOK usinganexponentialfit [18]. Thelatterarebasedon mea-
suredanti-protonyields[20]. Thesizeof thenetbackground
correctionis indicatedin TableI. Systematicuncertaintiesin
the final distributionswere determinedby varying the most
sensitive cuts in the trackingandcorrectionalgorithms,and
by varying the magnitudeof the backgroundcontribution by

TABLE I: Typical multiplicative correctionfactorsapplied to the
yieldsfor peripheralandcentralcollisions.

/21 =2 698�:a;�= /21 =5.5 698�:a;�=
centrality 60-80% 0-5% 60-80% 0-5%

(Eff ² Accept)³ � 1/0.86 1/0.63 1/0.88 1/0.67

Background 0.95 0.90 0.95 0.88/�1 -res.distortion 1.00 0.99 0.92 0.76
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FIG.1: Inclusive /21 distributionsof mon�prqsn ³ut ;¤, . Non-centralbins
arescaleddown by the indicatedfactors. The combinedstatistical
andsystematicerrorsareshown. Curvesarefits to Eq. (2). Hash
marksat thetop indicatebin boundariesfor / 1`v 1.5 698�:a;�= .

50%at JOK¨��D~bdcqef]hg and100%at JLK��£ICB I~bdc�ef]hg .
Figure 1 shows the inclusive JOK distributions ofT&U�WvX U3[�\�]+D within � r �§^aACBEI for variouscentralitybins, for

Au+Au collisionsat P QqRLR =130 GeV. Error bars,which are
dominatedby systematicuncertaintiesat all JOK , aregenerally
smallerthanthesymbols.Thespectrawerefit by thepQCD-
inspiredpower law function[21]

 
D.M2JOK o p

o JLK
mxw u T� 9XYJ K ]�J � \ [

�
z

(2)

which describesJ K spectra of charged hadrons for NN
collisions over a wide range of P Q [21–23]. Systematic
changesin shapeof the spectrawith centrality are revealed
by the fit parametersw , y , andmeantransversemomentum^_JLK � = D�J � ]CT�y F ©s\ in Table II. Also shown in the Table
arefit parametersfor «z X z collisionsat P Q =200GeV [21].
Eq.(2) yieldsapoorfit relative to theerrorsfor themostcen-
tral bin, with systematicdeviationsfrom thefit functionof 10-
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TABLE II: Geometricquantities,chargedparticledensityperparticipantpair, andfit parametersto Eq. (2), for variouscentralitybinsandfor{| q | at200GeV[21], assuming}�~N~���R��� =41mb. Thefits to theAu+Au datauseuncorrelatedmeasurementerrors,whicharelargelysystematic
andnon-Gaussian.Parametererrorsshown alsoincludecorrelatedsystematicuncertainties,whichareaddedto parametererrorsresultingfrom
thefit.

PowerLaw Fit ( )+* ,d- / 1 -¦4+* )y698�:<;�= )
centrality �o����� �R� �o�����V����� � ~u������

�� @��X�����¡  � ~^������
¢ mVm&698�:a;�= t�³ � t -</21 v m&698�:a;�= t £

0-5% 965p ! "³ ! " 350p �³ � 563¤ 39 3.22¤ 0.23 797¤ 60 0.520¤ 0.010 21.9¤ 0.5

5-10% 764p  ($³ !�� 296p "³ " 452¤ 32 3.05¤ 0.23 654¤ 50 0.517¤ 0.010 20.7¤ 0.4

10-20% 551p � #³  (! 232p $³ $ 344¤ 24 2.96¤ 0.24 520¤ 40 0.511¤ 0.010 18.9¤ 0.4

20-30% 348p ���³ �  165p �&%³ �&% 234¤ 16 2.83¤ 0.26 372¤ 28 0.504¤ 0.011 17.3¤ 0.3

30-40% 210p ��!³ ��! 115p �&%³ �'� 144¤ 10 2.51¤ 0.30 252¤ 19 0.497¤ 0.011 17.2¤ 0.3

40-60% 90p ���³ ��� 62p $³ ��� 72.2¤ 5.1 2.35¤ 0.42 141¤ 11 0.480¤ 0.011 14.8¤ 0.2

60-80% 20p "³ $ 20p  ³ ! 21.0¤ 1.5 2.13¤ 0.61 50¤ 4 0.446¤ 0.011 13.0¤ 0.2{| q | (200) 1 2 ,.* 4L¥¦¤�).* )R§ ,h* 4L¥¦¤v).* )R§ 7.7¤ 0.4 0.392¤ 0.003 11.8¤ 0.4

20%,whereasfor moreperipheralcollisionsit fits well, with
parameterstendingsmoothlyto thosefor «z X z collisions.

A moredirect comparisonof yields for differentcentrali-
ties relieson estimating{&|~}�� �s� andthemeannumberof par-
ticipants {&|©¨Tª�«o¬	� for eachcentrality bin. For this purpose,
thedistribution o w ] o |a}q� � (andequivalently, o w ] o |©¨Tª�«o¬ ) was
calculatedusing a Monte Carlo Glauber model [17] withw xyx���+�(� = �� ±�   mb andWoods-Saxonnuclearmatterdensity,
usingradius ¨m `CBEI±�£A�B   fm andsurfacediffuseness® mACBEI.© I�� ACB AsD�¯ fm. [16]. Percentileintervals of o w ] o | }�� �(calculated)and o w ] o p ��� (measured)wereequatedto extract{&| }�� � � for eachcentralitybin. The Glaubermodelparame-
tersandgeometriccrosssectionwerevariedto estimatethe
systematicuncertainties.Resultsaregivenin TableII.

Becausecharged particle distributions at midrapidity are
usedfor centrality selection,biasesin the relation between

o w ] o | }�� � and o w ] o p ��� dueto fluctuationsandautocorrela-
tionswereassessed.Variationof parametersin aMonteCarlo
calculationof multiplicity fluctuationsfor fixed collision ge-
ometry, andcomparisonof themeasuredmultiplicity distribu-
tion in an azimuthalquadrantcenteredon a high J K particle
againstthosein the otherquadrants,both yieldednegligible
uncertaintiesin {&|~}�� �s� and {&|©¨Tª�«o¬�� .

Table II shows the charged particle yield per participant
pair, 
° R �X������±^² x ���²�³ , obtainedby integratingthe J K spectra.The
extrapolatedyield in J K ^aACBEDybdc�ef]hg is ��D+A % of thetotal for
all centralities.Thedependenceof 
° R �J�¡�´� ± ² x ���²�³ on {'|µ¨ª�«o¬�� is
consistentwith observationsin [17].

Figure2 shows theratio of thecentral(0-5%)spectrumto
thatof thetwo peripheralbins(40-60%,60-80%),normalized
by {'|a}�� �s� . Thedashedlinesat unity andbelow show scaling
with {'| }�� � � and {'| ¨ª�«o¬ � respectively, andtheshadedregions
show thesystematicuncertaintiesfrom TableII. Thevertical
errorbarson the datapointsaretheuncertaintiesof thecen-
tral data,while thehorizontalcapsarethequadraturesumof
the uncertaintiesof both datasets. Approximateparticipant
scalingat low JOK is seen.TheratiorisesmonotonicallybelowJOK£� DGbdc�ef]hg anddecreasesat high JOK . The ratio of cen-
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FIG. 2: Ratioof chargedhadronyieldswithin ) *+)O- )+* ¥ for central
over peripheralcollisions,normalizedto �o� ��� �� .

tral overmostperipheralachievesavalueat JLK =5.5 bdc�e�]hg ofA�B D�¯+�~ACB� ¤D with additionaluncertainty�dACB� ¤D dueto {&| }�� � � ,
establishingsignificant suppressionof charged hadronpro-
ductionathigh JLK in centralcollisions.

Figure3 shows
ikjNj T§J K \ for variouscentralitybinsrelative

to an NN referencespectrum,parameterizedby Eq. (2) withw w xyx� �s�(� m D.`�¯ WN�[S� mb/(bdc�e±]hg ) 
 , J � m  +B �+A W3�-, ���[L�-, ��� bdc�ef]hg , and
y m  ¤DCB �s� WN�., �	
[L�-, ��� (the superscriptsandsubscriptsare curves
thatboundthesystematicuncertainty).Thereferencewasde-
terminedby fitting Eq. (2) to UA1 «z X z dataat P Q =200-900
GeV [21] and extrapolatingto P Q =130 GeV. Extrapolation
of the 200 GeV spectrumto 130 GeV usingpQCD calcula-
tionsagreesto within 5% with the referenceat JOK =6 bdcqe�].g
[25, 26]. Correctionto theNN referencefor theUA1 accep-
tance( � r �l^aDCB I ), which differs from this analysis( � r �§^aACBEI ),
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FIG. 3: ´¶µkµ¸·º¹6»½¼ for variouscentrality bins, for Au+Au relative
to an NN referencespectrum.Error barsaredescribedin the text.
Errorsbetweendifferent¹6» andcentralitybinsarehighly correlated.

wasbasedon two independentpQCD calculations[25, 27],
giving a multiplicative correctionof ¾À¿Á¾ÃÂÅÄÇÆk¿ ÆÀÈ at ÉËÊ =2.0ÌÎÍ-ÏÑÐ;Ò

and ¾À¿ Ó2Ô¸ÄÕÆ+¿Ö¾×Æ at ÉËÊ =5.5
ÌÎÍ-ÏÑÐ;Ò

. The ÉËÊ -dependent
systematicuncertaintyof the NN referenceis the quadrature
sumof thepowerlaw parameterandtheacceptancecorrection
uncertainties.Isospineffectsarenegligible for É½ÊÙØ 6

ÌÎÍ-ÏÅÐ;Ò
[26]. The error barsare the systematicuncertaintiesof the
measuredspectra,while the capsshow their quadraturesum
with thesystematicuncertaintyof theNN reference.ÚÜÛÝÛßÞ É ÊPà increasesmonotonicallyfor É Ê Øâá ÌÎÍ-ÏÑÐ;Ò at all
centralities,andsaturatesnearunity for É ÊÙã á ÌÎÍ-ÏÅÐ;Ò in the
most peripheralbins. In contrast,

ÚÜÛÝÛßÞ É ÊPà for the central
bins reachesa maximumandthendecreasesstronglyaboveÉ Ê =2

ÌÎÍ-ÏÅÐ;Ò
, showing suppressionof the charged hadron

yield relative to the NN referenceof Æk¿ ÓÀÈäÄåÆ+¿Ö¾;Â (sys) atÉËÊ =5.5
ÌÎÍ-ÏÅÐ;Ò

for the0-5%bin, with additionaluncertaintyÄÎÆk¿ ÆÀÓ dueto æ}çâè-é ê2ë . Ú ÛÝÛ Þ ÉËÊ à variescontinuouslyasafunc-
tion of centrality, andno centralitythresholdfor theonsetof
suppressionis observed[28].

In summary, chargedhadronproductionin highenergy col-
lisions of heavy nuclei hasbeenstudiedover a wide range
of ÉËÊ andevent centrality. At high ÉËÊ , hadronyields scale
with thenumberof binarycollisionsfor peripheralcollisions,
while significantsuppressionof hadronproductionis seenfor
centralcollisions. STAR hasalso reportedlarge azimuthal
anisotropy at high É Ê [29]. Thesephenomenaindicatesub-
stantialenergy lossof thefinal statepartonsor their hadronic
fragmentsin the mediumgeneratedby high energy nuclear

collisions,thoughquantitative measurementof this effect re-
quiresadditionalreferencedata.
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